Background: Little is known about the correlations between tumor markers (TMs), breast cancer subtypes, site(s) of metastasis and prognosis.
introduction
Tumor markers (TMs) are widely used in the management of patients with breast cancer, during therapy for metastatic disease and in conjunction with diagnostic imaging, history and physical examination [1] . Cancer antigen 15-3 (CA 15-3) and carcinoembryonic antigen (CEA) are elevated in 80% and 40%, respectively, of metastatic breast cancer in a number of older reports [2] [3] [4] [5] . Guadagni et al. have shown that adding measurement of CEA to CA 15-3 testing resulted in only a minimal improvement in sensitivity. Hence, the American Society of Clinical Oncology guidelines do not recommend a routine CEA measurement in the metastatic setting when CA 15-3 is elevated [1, 2] . Cancer antigen 125 (CA 125) is a TM which is commonly used in ovarian cancer but may also be elevated in the metastatic phase of other malignancies [6] and elevated levels have been observed in up to 84% of metastatic breast patients [7, 8] .
Although early studies have shown an association between elevated CA 15-3 levels and estrogen receptor (ER) positivity [9] , most reports have not evaluated differences between breast cancer subtypes. Previous studies have reported associations between TM elevation and site(s) of metastasis, disease burden and prognosis [4, 10] . Despite continuous interest in this topic, which has relevance to daily practice, very little is known about the correlation between TMs and intrinsic breast cancer subtypes. In this large study, we have investigated the relevance of three different TMs (CA 15-3, CEA and CA 125) among six different breast subtypes: LuminalA, LuminalB, LuminalHer2+, Her2+ ER2, Basal type and non-Basal triple negative (TN) type.
The objectives of the study were:
To document the proportion of patients with elevated TMs and the degree of TM elevation among the different breast cancer subtypes To determine whether TM elevation correlates with the site(s) of metastasis and To determine whether elevation of TMs correlates with prognosis in general and within breast cancer subtypes in particular.
methods
Women with breast cancer diagnosed between 1986 and 1992 and referred to the British Columbia Cancer Agency with M1 disease at presentation or who later developed a distant relapse were included. Cases with a previous, synchronous or subsequent invasive or in situ cancer of any site other than nonmelanoma skin were excluded. Archival paraffin tissue blocks were used to construct a tissue microarray. Breast cancer subtypes were defined as LuminalA (ER/PR+, Her22 and Ki67 < 14%), LuminalB (ER/PR+, Her22 and Ki67 ‡ 14%), LuminalHer2 (Her2+ and ER/PR+), Her2 (Her2+, ER2 and PR2), and Basal [Her22, ER2, PR2 and (CK 5/6+ and/or epidermal growth factor receptor+)] using immunohistochemical staining as has been previously described [11, 12] . In addition, we examined the non-Basal TN (ER2, PR2 and Her22) subgroup. The Breast Cancer Outcomes Unit Database was used to determine clinical, pathologic, treatment and outcome variables. Health Information Management professionals, trained in breast cancer data abstraction, reviewed the complete medical record of all eligible patients. The date of diagnosis and the anatomic location of up to the first five sites of metastasis were captured. Distant relapse was defined as recurrence of breast cancer occurring beyond the confines of the ipsilateral breast, chest wall or regional lymph nodes. Sites of distant relapse were categorized as follows: brain (including choroid, central nervous system, not otherwise specified, pituitary gland, cerebral meninges, meninges, leptomeningeal, frontal sinus), liver, lung (including lymphangitic carcinomatosis), bone (including bone marrow), distant nodal (nodes beyond the ipsilateral and axillary/ supraclavicular/internal mammary area), pleural/peritoneal (including ascites, omentum, pleural effusion and peritoneal carcinomatosis), other (including skin outside of breast/chest wall, ovaries, spinal cord, eye, heart and other organs not elsewhere classified) and unknown (patient known to have distant metastases but site(s) are unknown).
TM results were captured from the TM database in the Provincial Health Service Authority/British Columbia Cancer Agency laboratory. The history of the TM assays used over the study years is presented in Table 1 . Levels of TM values (CA 15-3, CEA and CA 125) within the 3 months before distant relapse date or anytime after were captured and the percentage of patients with elevated values (CA 15-3 >28, CEA >4 and CA 125 >35) among the different subtypes were reported. Cases were included if they had a minimum of one TM measurement carried out during this time.
The percentage of patients with elevated TMs was compared across subtypes using the Chi-square test or Fisher's exact test as appropriate; similar statistical tests were done to compare the percentage of patients with TM elevation by the first five sites of metastases. In order to exclude a bias related to transient treatment-induced TM elevation [13] , we also assessed the upper limit of normal ratio [i.e. the ratio of the first elevated TM (CA 15-3) to the upper limit of normal] carried out during the initial 3 months before distant relapse until 3 months after distant relapse. Ratios were compared between breast cancer subtypes using the Kruskal-Wallis test. It is possible that some subtypes will have elevated markers at a time when the tumor burden is highest, i.e. in the last 6 months of life compared with levels at the time of initial diagnosis of metastases. To assess the possible impac of this effect, we also analyzed for TM measurements in the last 6 months of each patient's life or last 6 months of follow-up for those who were still alive.
The magnitude of TM elevation in the different cancer subtypes was assessed with the median and range of the number of elevated measurements per patient, as well as the total number of measurements carried out per patient, from 3 months before the date of first distant metastasis to anytime after. The median number of elevated TMs was compared across subtypes, and between groups based on site of first metastasis, using the Kruskal-Wallis test.
Breast cancer-specific survival (BCSS) was compared in patients with elevated TMs versus those with nonelevated TMs using the Kaplan-Meier method. These analyses were repeated within each of the breast cancer subtypes. BCSS was calculated from time of diagnosis of distant metastasis to death or censor date. We further investigated the association between magnitude of marker elevation and BCSS. We used a Cox regression model that incorporated the magnitude of marker elevation by quartile of the multiples of upper limits of the normal reference marker values (=CA 15-3 ULN ratio) as a time-dependent covariate, thus including all of the patient's marker measurements in the model.
The study was approved by the University of British Columbia Research Ethics Board.
results
For inclusion in the study, 1656 cases with distant metastases were potentially eligible. Excluded cases: 428 cases without any linkage to TM data, 127 cases with all TMs measured >3 months before distant relapse, 184 cases where breast cancer subtype could not be determined and 107 cases with synchronous or subsequent cancer (25 of which were subsequent contralateral breast cancer). A total of 810 patients met all inclusion criteria ( Figure 1 ).
Our reporting on the study population was based on the 'reporting recommendation for tumor marker prognostic studies' [14, 15] . The distribution among subtypes was: LuminalA n = 315, LuminalB n = 251, LuminalHer2+ n = 76, Her2+ ER2 n = 62, Basal n = 85 and non-Basal TN n = 21. Eight percent (range among breast cancer subtypes: 3.2%-10.4%) of the cohort presented with metastatic disease at time of initial diagnosis. Elevated TMs were observed in all breast cancer subtypes. The Luminal subtypes were most often associated with elevated TMs: 90.8% of LuminalHer2+, 90% of LuminalB and 88.6% of LuminalA cases, whereas more than one quarter of the Basal and non-Basal TN cases expressed no elevation of TMs.
CA 15-3, the most commonly used TM in breast cancer, was elevated in >80% of the Luminal cases, compared with 69.3% and 68.4% in the Basal and the non-Basal TN groups, respectively (P < 0.001). The magnitude of CA 15-3 elevation was larger in the Luminal subtypes (P = 0.02). CEA elevation was observed in 60%-65% of the Luminals as compared with only 26% in the Basal type and 31% in the non-Basal TN cases (P < 0.001). In all subtypes, except the LuminalHer2+ group, CA 125 values were elevated in 50% of all patients, compared with 35% in the LuminalHer2+ group, P = 0.94. The percentage of cases with elevated TMs among the different breast cancer subtypes, including relevant P values are shown in Table 2 . We further investigated CA 15-3 using the first elevated value done during the time period of 3 months before distant relapse to 3 months after distant relapse. Boxplots, shown in Figure 2 , illustrate the upper limit of normal ratio (the value of the first elevated CA 15-3 done during this time period divided by the reference of upper level of normal for CA 15-3). Not only did the Luminal subtypes have more frequent TM elevation, as demonstrated in our initial analyses, but they were also shown to have larger magnitudes of elevation (P < 0.001).
When TM elevations during the last 6 months before death were investigated, the trends were similar. Of those 511 cases with measures in the last 6 months, the following percentages of elevations were observed in the various subgroups:
LuminalA (Table 3) . TM elevation was seen regardless of metastatic site. In patients with bone-only metastases, the proportion of patients with an elevated CA 125 was only 27%, compared with 85% with elevated CA 15-3 levels and 63% with elevated CEA levels. When brain was the solitary metastasis (n = 10), 80% of the cases had at least one type of elevated TM. The proportion of the different TMs among the different site(s) of metastases is illustrated in Table 3 . Although analysis within some subgroups is limited by small numbers of cases (particularly for the brain as first site of metastasis group), it is clear that TMs, particularly CA 15-3, can be elevated regardless of the site(s) of metastasis.
Among the 114 patients with metastatic disease and normal CA 15-3, 40 (35%) had an increase of either elevated CEA and/ or CA 125. The proportion of patients with an elevated CEA and/or CA 125 in the setting of a normal CA 15-3 was higher in the Luminals (37%-45%), as compared with the Basal subtype (10%) Table 4 .
Median duration of survival from time of diagnosis with metastatic disease was significantly shorter for patients with elevated TMs versus those with normal TM values, P = 0.001 ( Figure 3) . Similar results were found when stratifying the results by subtype; however, only the results for LuminalA and Basal types were statistically significant, P = 0.02 and 0.001, respectively ( Figure 4A-E) . When a secondary analysis was carried out using a Cox model that incorporated marker elevation as a time-dependent covariate (as opposed to a binary analysis with any marker elevation being considered positive), discussion This large study is the first to show the different TM behavior in six distinct breast cancer subtypes. Elevated CA 15-3, CEA and CA 125 values were documented in all breast cancer subtypes. We found a significantly higher percentage of elevated TMs in Luminal versus non-Luminal subtypes. The lowest frequency of elevated TMs was documented in the Basal and non-Basal TN cases. As well, the lowest magnitudes of TM elevation were seen with the Basal and non-Basal TN and the Her2 positive/ER negative subtypes.
The reason for this difference is not clearly understood. The current hypothesis suggests that breast stem cells, or their very early descendents, are the cells from which Basal tumors arise [16] . Thus, it would be reasonable to anticipate a lack of certain circulating antigen production in less differentiated subtypes. The fact that the described differences preceded the metastatic relapse event or occurred at the same time reduces the potential for bias caused by the different durations of survival after recurrence, which are known to be associated with the intrinsic subtypes. The additional analysis carried out for measurements in the last 6 months of the patients' life support the study findings.
Our analyses divided the TN group into core Basal and nonBasal subtypes. In the future, this group of non-Basal TN cancers may be further segregated into other subtypes. However, in regard to TM production, the Basal and the nonBasal TN groups show comparable behavior.
Previous studies have shown that CA 15-3 is the most sensitive TM in breast cancer disease [2, 17] . The current study confirms this finding for all six subtypes, regardless of site(s) of metastasis. Recent literature suggests there is a modest advantage of performing TMs other than CA 15-3 in metastatic breast cancer. Our study found that 35% of the patients with normal CA 15-3 values had elevation of another TM (CEA and/ or CA 125). The proportion of patients having another elevated marker, when CA 15-3 was normal, was higher in the Luminal subtypes (37%-45%), as compared with the Basal subtype (10%). However, CA 15-3 was elevated more often than the other TMs, regardless of the initial site(s) of metastasis. As we did not measure tumor burden, we cannot provide information on the correlation of TM elevation and amount of disease. 
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Compared with CA 15-3, CA 125 levels varied among the different site(s) of metastasis. For example, when bone metastasis was the solitary site of disease, CA 125 was more often (73%) found to be normal. When multiple metastases were found at first relapse, 65% of patients showed elevated CA 125. This may be explained by the fact that CA 125 is mainly produced by mesothelial cells and therefore is more likely to be elevated in the setting of abdominal and pleural metastases [18, 19] .
Although controversial, there are accumulating data that support our finding that elevated TMs are associated with a worse prognosis [20] . However, since TMs are more often elevated with Luminal subtypes, which generally have a better prognosis relative to other subtypes, the prognostic significance of TM elevation should be considered within a particular subtype rather than for breast cancer patients as a whole.
Fehm et al. [21] found that the median survival of patients with increased CA 15-3 was 13 months compared with 18 months for patients with normal CA 15-3 at diagnosis of metastatic disease. Others have found that CA 15-3 predicts survival in uni-and multivariable analyses [22] . Interestingly, we have found the TM to be a statistically significant prognostic marker in the LuminalA and B subtypes only. This could simply be due to their higher percentage in the cohort and higher frequency of elevated measurements.
Although this is a large study with long follow-up, the main caveat of this study is related to its retrospective nature. Therefore, biases related to physician decisions about when, for whom and in what circumstances they request TMs may confound the results. However, given that the study era predates the molecular subtyping of breast cancer, physician bias about the utility of measuring TMs in various breast cancer subtypes was not an issue. Therefore, the observed variation in TM elevation in the different breast cancer subtypes is likely real.
TM assessment is considered a relatively inexpensive test, which is easy to perform. However, repeat measurements to monitor metastatic disease and the response to therapy contribute to higher costs and increased laboratory workload. Clinicians should be aware of the potential gains from performing TM testing in the variable breast cancer subtypes.
Our data may be useful in studies that use TMs as therapeutic targets for novel interventions including vaccine development [23] [24] [25] or trials that use TM as a surrogate for clinical benefit in patients with nonmeasurable disease (S0430). 
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Knowledge of the frequency of elevation of TM may help define the breast cancer populations, which could be of interest for study.
In summary, we have shown that TMs do vary according to breast cancer subtype, with the most frequent elevations occurring in the Luminal groups. However, TMs can be elevated in all breast cancer subtypes. The addition of CEA and/ or CA 125 to the more commonly measured CA 15-3 may further identify additional patients with elevated TMs. In the current study, BCSS is worse in metastatic breast cancer patients with elevated TMs. original articles Annals of Oncology
